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Excited Mn+ ions formed by electron ionization of M~(~O),~ are deexcited in superelastic 
electron-ion collisions. The ions are held in the trap of a Fourier transform ion cyclotron 
resonance spectrometer and subjected to bombardment by an electron beam of varying 
energy. The population of excited Mn+ ions after exposure to the beam is monitored by 
examining reaction of the trapped Mn+ ions with Cr(COk. Charge transfer to form Cr(CO)+ 
is exothermic and efficient only for excited &In+. It is found that deexcitation is read if y 
observable for electrons with energies less than 2 eV. (f Am Sot Muss Specfmm 1990, 1, 
292-234) 
ow-energy L electron impact (EI) excitation of neu- tral species [l] and ions 12) can produce elec- tronic transitions that are optically forbidden. 
The excited states produced by EI may therefore be 
metastable. This suggests that the reverse process, 
EI on metastable excited state species, can produce 
relaxation to the ground state and a superelastically 
scattered electron. Observation of these deexcitation 
processes poses a number of experimental difficul- 
ties. First, a sufficiently large population of excited 
ions must be generated. Second, a means for moni- 
toring the depletion of that population must be avail- 
able. Thiid, it must be possible to attribute the excited 
state loss unequivocally to EI. Because of these diffi- 
culties, relatively few observations of superelastic elec- 
tron scattering by ions have been reported. The only 
example we find in the recent literature is Walker and 
Bonin [3]. We report here an experiment in which each 
of these problems is solved using mass spectrometric 
techniques. 
The approach is suggested by experiments us- 
ing ion cyclotron resonance (RX) to follow EI exci- 
tation of neutral particles [4] and ions [5]. Inelastic 
electron-neutral particle collisions have been examined 
by taking advantage of the efficient trapping in the ICR 
cell, the maximum in the excitation cross section at 
electron energies near threshold, and the large cross 
sections for low-energy electron attachment of such 
species as CCL. If the energy of a colliding electron 
is near the energy of an excited state of the neutral 
species, then the probability for excitation is usually 
near its maximum. The resulting inelastically scattered 
electron has near-zero energy and is caught in the ICR 
trap. The trapped electron is efficiently captured by 
a scavenger such as CC4 and converted to an anion 
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that can be monitored by its ICR signal. The anion 
signal then exhibits maxima at electron energies cor- 
responding to energies of excited states of the neutral 
species. Electron exchange makes singlet-triplet tran- 
sitions possibIe on EI, so excitation of low-lying triplet 
states of neutral species has been observed in this way. 
The strong magnetic fieId required for ion cyclotron 
resonance mass spectrometry (ICRiMS) collimates the 
electron beam and confines the EI-produced ions. The 
ions are thus susceptible to EI if the electron beam 
current is large enough. It has been shown that such 
trapped ions can be further ionized or fragmented by 
ion-electron collisions [5]. We report here evidence 
that EI deexcitation of excited ions can be observed 
by using ICRIMS. 
We recently showed that an excited state of Mn+ 
produced by EI on Mna(CO)io is sufficiently long-lived 
to be detected by its chemistry using ICRiMS [6]. It 
is this excited species that we examine in the present 
report. 
Experimental 
The experiments were performed on a Nicolet 
FTMS-2000 ICR spectrometer [7]. For a review of 
Fourier transform ICR techniques, see Comisarow and 
Buchanan [S]. The instrument consists of two Z-in. cu- 
bic cells that have one face in common. The cells are 
differentially pumped through a 3-mm-diameter open- 
ing in the center of the plate that forms the common 
face. The ionizing electron beam passes along the cen- 
tral axis of the two cells, traversing the opening in the 
common plate. The magnetic field is parallel to the 
electron beam and is provided by a superconducting 
solenoidal magnet that has a field strength of 3.03 T. 
The magnetic field constrains ions to cyclotron orbits 
around the field lines. Ion motion parallel to the field 
is constrained by potentials on the cell plates perpen- 
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Figure 1. Sequence of experimental steps used to observe EI de- 
excitation of electronically excited Mn+ Ions are quenched from 
the cell; electron beam forms ions in the source; ions are trans- 
ferred to the analyzer; other ions are ejected isolating Mn+ ; valve 
opens, admitting Cr(CO)h, which reacts with the ion; and the 
products are detected. 
dicular to the field. Positive ions are trapped by small 
positive trapping voltages (1 V) on those plates, and 
negative ions are trapped by small negative voltages. 
The potential on the common plate controls motion be- 
tween the cells. If the common plate has zero potential, 
then the ions are free to move between the cells. If the 
common-plate potential is raised to the trapping volt- 
age, then the ions cannot move from one cell to the 
other. 
The experimental sequence is illustrated in Figure 
1. The Mn+ ion is formed in one cell, the source cell, 
by 70-eV EI on Mnr(CO)rs, which is present in that 
cell at a nominal pressure of 1 x 10e7 torr. The ions 
formed by EI are then transferred into the adjacent an- 
alyzer cell, which is at a nominal pressure of 2 x 10P9 
torr. Ions other than Mn+ are ejected from the ceil by 
irradiating them at their cyclotron frequency so that 
their cyclotron orbits grow sufficiently that they strike 
the walls of the cell and are neutralized [9]. The iso- 
lated Mn+ is then exposed to a second burst from the 
electron beam. This burst lasts 0.25 s, and the beam 
current is 1 pA measured at a collector after it has tra- 
versed the cell. The energy of the beam is varied. After 
the second electron beam burst, a probe gas is admit- 
ted to the analyzer cell through a computer-controlled 
valve [lo]. The probe gas is Cr(C0)6, which under- 
goes charge transfer with Mn+ in the excited state but 
not with the ground-state ion. A mass spectrum is ac- 
quired 1 s after the valve opens to admit probe gas. The 
intensity of the Cr(CO),’ signal is taken as a measure of 
the amount present in the excited state. The pressure 
of the probe gas drops to background (2 x 10e9 torr) in 
about 1 s. The elapsed time from initial ion’formation 
to spectrum acquisition is less than 1.5 s. Radiative 
decay of the excited state is negligible in that time. 
The electron gun consists of a filament biased rel- 
ative to ground. There is a grid between the cell and 
the filament that can be used to shut off the electron 
beam. After the beam traverses the cell, the current is 
collected and measured. The bias on the filament plus 
one-half the trapping voltage is taken as the electron 
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Figure 2. Fraction of Mn+ reacting by charge transfer with 
Cr(CO), plotted against the energy of an electron beam to which 
the Mn+ is exposed before reaction. The energy of the electron 
beam is taken as the filament bias plus one-half the trapping 
voltage. 
energy Ei. Near the trapping plates the electrons wiIl 
be accelerated by the trapping potential and have en- 
ergies larger than that acquired from the filament bias. 
Most of the collisions, however, will occur at energies 
near that nominal energy. This effect together with the 
fact that the ions are emitted by a hot filament suggests 
an estimated uncertainty in Ei of f0.3 V. The esti- 
mated correction for the space potential of the electron 
beam [5a] is less than 0.1 eV for the present configu- 
ration. 
Results and Discussion 
The deexcitation process is 
Mnf * + e(Ei) + Mnto + e(Ef) (1) 
where Ei and Er are the initial and final kinetic energies 
of the electron. In Figure 2 are plotted the relative con- 
centrations of Cr(CO),+ formed by charge transfer from 
Mn+* after exposure of the trapped Mn+ to an elec- 
tron beam of energy Ei. The drop in Cr(CO)z signal 
intensity at low Ei indicates that the Mn+* precursor 
to Cr(CO),+ has been converted to Mn+O by process 
1. At higher values of Ei, the population of Mn+* is 
unaffected by exposure to the electron beam. 
The energies of low-lying electronic states of Mn+ 
are given in Table 1. The results of Elkind and Armen- 
trout [ll] and those of Strobe1 and Ridge [6] indicate 
Table 1. Some electronic states of Mn+ 
State Configuration Energy IeV) 
‘S 3d54s 0.00 
=S 3d54s 1.17 
6D 3de 1.78 
5G 3d54s 3.41 
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that EI on Mn2(CO)lo produces Mn+, approximately 
20% of which is in excited states. Most of the excited 
state population is in the 5S state. The radiative life- 
time of the predominant excited state is at least 5.8 s. 
The data in Figure 2 suggest, then, that at an Ei of 2 
eV and below the 5S state gives the 7S ground state 
and a superelastically scattered electron. The value of 
Ef would be Ei + 1.17 eV. 
The disappearance of the excited state could result 
from excitation from the ground state to a higher state 
with a short radiative lifetime. Such fluorescent states 
should have a 4p electron so that transitions to lower 
states are parity allowed. The lowest state with a 4p 
electron, however, is a (3d54p) ‘P state, which at an 
energy of 3.6 eV with respect to the 5S state cannot be 
involved in the deexcitation process. 
We see no evidence for EI excitation of the ground 
state. Microscopic reversibility requires that at suffi- 
ciently low electron energies the superelastic deexcita- 
tion cross section must be much larger than the max- 
imum in the excitation cross section. This accounts 
for the effect we are seeing. The excitation cross sec- 
tion may be too small to lead to observable excita- 
tion, whereas at lower electron energies the deexci- 
tation cross section is large. It may be that excitation 
processes are followed by capture and deexcitation. Ex- 
citation at threshold produces a zero-energy electron 
that will be attracted to the excited ion. Immediate de- 
excitation of the ion by thii electron might be partic- 
ularly probable. This type of process might limit the 
efficiency of the collisional excitation. 
There appears to be a maximum in the quenching 
cross section at about 1.5 eV. This minimum is repro- 
ducible and may result from competition between ex- 
citation of the 5S excited state to the 5D state and de- 
excitation. 
Other systems are known to produce long-lived ex- 
cited states and might be subject to a similar effect. 
Higher currents or longer exposures might result in the 
observation of collisional excitation processes in Mn+ 
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or other systems. Experiments probing these possibil- 
ities are under way in our laboratory. 
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